To elucidate mechanisms underlying mitochondrial dysfunctions induced by glutamate, we have examined the effects of in vivo treatment with the ionotropic glutamate receptor agonist kainate on localization of the transcription factor activator protein-1 (AP-1) in mitochondria as well as nuclei of murine brain. A systemic administration of kainate dramatically enhanced AP-1 DNA binding in both mitochondrial and nuclear extracts of mouse cerebral cortex and hippocampus 1 hr to 3 d later. Unlabeled AP-1 probe selectively competed for AP-1 DNA binding in mitochondrial extracts of cortex and hippocampus obtained from mice injected with kainate. Supershift and immunoblotting analyses revealed participation of c-Fos, Fos-B, and Jun-B proteins in potentiation by kainate of mitochondrial AP-1 DNA binding in cortex and hippocampus. An immunohistochemical study demonstrated marked expression by kainate of c-Fos protein in the pyramidal and dentate granular layers, whereas an immunoelectron microscopic analysis showed localization of c-Fos protein within mitochondria, as well as nuclei, of the CA1 pyramidal and dentate granular cells in hippocampus obtained 2 hr after the administration of kainate. Mitochondrial AP-1 DNA binding was inhibited by particular unlabeled oligonucleotides containing sequences similar to the AP-1 site found in the noncoding region of mitochondrial DNA. Kainate markedly potentiated binding of radiolabeled oligonucleotide probes containing sequences effective in competing for AP-1 DNA binding in hippocampal mitochondrial extracts. These results suggest that kainate may facilitate expression of the AP-1 complex and subsequent translocation into mitochondria to participate in mechanisms associated with transcriptional regulation of mitochondrial DNA in murine hippocampus. The excitatory amino acid L-glutamate (Glu) participates in various neuronal processes from transient signal communication to long-term plasticity as well as neuropathology via interactions with its ionotropic and metabotropic receptors in the mammalian CNS (Greenamyre and Porter, 1994; Michaelis, 1998) . Ionotropic Glu receptors are classified into NMDA, ␣-amino-3-hydroxy-5-methylisoxazole-4-propionate, and kainate receptor subtypes according to differential sensitivities to these exogenous agonists and to permeable cations (Hollmann and Heinemann, 1994; Schoepfer et al., 1994) .
To elucidate mechanisms underlying mitochondrial dysfunctions induced by glutamate, we have examined the effects of in vivo treatment with the ionotropic glutamate receptor agonist kainate on localization of the transcription factor activator protein-1 (AP-1) in mitochondria as well as nuclei of murine brain. A systemic administration of kainate dramatically enhanced AP-1 DNA binding in both mitochondrial and nuclear extracts of mouse cerebral cortex and hippocampus 1 hr to 3 d later. Unlabeled AP-1 probe selectively competed for AP-1 DNA binding in mitochondrial extracts of cortex and hippocampus obtained from mice injected with kainate. Supershift and immunoblotting analyses revealed participation of c-Fos, Fos-B, and Jun-B proteins in potentiation by kainate of mitochondrial AP-1 DNA binding in cortex and hippocampus. An immunohistochemical study demonstrated marked expression by kainate of c-Fos protein in the pyramidal and dentate granular layers, whereas an immunoelectron microscopic analysis showed localization of c-Fos protein within mitochondria, as well as nuclei, of the CA1 pyramidal and dentate granular cells in hippocampus obtained 2 hr after the administration of kainate. Mitochondrial AP-1 DNA binding was inhibited by particular unlabeled oligonucleotides containing sequences similar to the AP-1 site found in the noncoding region of mitochondrial DNA. Kainate markedly potentiated binding of radiolabeled oligonucleotide probes containing sequences effective in competing for AP-1 DNA binding in hippocampal mitochondrial extracts. These results suggest that kainate may facilitate expression of the AP-1 complex and subsequent translocation into mitochondria to participate in mechanisms associated with transcriptional regulation of mitochondrial DNA in murine hippocampus.
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The excitatory amino acid L-glutamate (Glu) participates in various neuronal processes from transient signal communication to long-term plasticity as well as neuropathology via interactions with its ionotropic and metabotropic receptors in the mammalian CNS (Greenamyre and Porter, 1994; Michaelis, 1998) . Ionotropic Glu receptors are classified into NMDA, ␣-amino-3-hydroxy-5-methylisoxazole-4-propionate, and kainate receptor subtypes according to differential sensitivities to these exogenous agonists and to permeable cations (Hollmann and Heinemann, 1994; Schoepfer et al., 1994) .
Several independent lines of evidence indicate that extracellular Glu signals modulate de novo synthesis of particular proteins through expression of certain transcription factors and subsequent translocation of these factors from the cytoplasm to the nucleus. In cultured cerebellar granular neurons, Glu signals lead to expression of both c-fos gene and c-Fos protein with marked potentiation of DNA binding activity of the transcription factor activator protein-1 (AP-1) that consists of Fos and Jun family member proteins (Szekely et al., 1989 (Szekely et al., , 1990 Sakurai et al., 1992) . Intraperitoneal (Sonnenberg et al., 1989) and intracerebroventricular injections of particular agonists at ionotropic Glu receptors result in marked potentiation of AP-1 DNA binding in nuclear extracts of the rodent brain. A systemic administration of kainate leads to rapid and prolonged enhancement of nuclear AP-1 DNA binding in rat (Pennypacker et al., 1994b) and mouse (Azuma et al., 1996) hippocampi, whereas that of NMDA induces a rapid but transient increase in nuclear AP-1 DNA binding in murine hippocampus . Enhancement by these Glu agonists results at least in part from expression of Fos family proteins and subsequent translocation from the cytoplasm to the nucleus (Yoneda et al., 1999a,b) . Activation of the NMDA receptor also increases nuclear DNA binding activity of nuclear factor B after translocation into the nucleus in cultured cortical neurons (Ko et al., 1998) .
There is accumulating evidence that activation of Glu receptors leads to different mitochondrial dysfunctions as a consequence of mitochondrial depolarization elicited by a loss of Ca 2ϩ homeostasis (Schinder et al., 1996; White and Reynolds, 1996) and impairment of metabolic homeostasis by reduction of different enzyme activities within mitochondria (Atlante et al., 1999; Delgado-Esteban et al., 2000) . In addition, recent studies suggest that some nuclear transcription factors may participate in regulation of mitochondrial functions through transcriptional regulation of mitochondrial DNA. Cammarota et al. (1999) demonstrated that the transcription factor cAMP-responsive element (CRE) binding protein (CREB), but not c-Fos protein, is located within mitochondria as well as nuclei in rat hippocampus. Mitochondrial CREB is phosphorylated on its serine-133 after one trial of inhibitory avoidance training procedures in rat hippocam-pus . Very little is known, however, about the responsiveness of transcription factors within mitochondria to activation of particular Glu receptors located on plasma membranes. In this article, we have attempted to demonstrate localization of the AP-1 complex with DNA binding activity after in vivo treatment with kainate in mitochondria of murine brain using different techniques, including electron microscopic analysis.
MATERIALS AND METHODS

Materials. [␣-
32 P]deoxy-ATP (111 TBq /mmol) was purchased from N EN/ DuPont (Boston, M A). All oligonucleotides were provided by Inter Tech Co. (Tokyo, Japan) and Amersham Biosciences (Buckinghamshire, UK). Kainate was purchased from Wako Pure Chemical Industries (Osaka, Japan). Polyclonal antibodies against histone H1 (AE-4), cytochrome c (H-104), c-Fos (H-125), Fos-B (H-75), Fra-1 (R-20), Fra-2 (Q-20), c-Jun (H-79), , and Jun-D (329) were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Biotinylated anti-rabbit IgG antibody was supplied by Vector Laboratories (Burlingame, CA). Gold (10 nm)-conjugated goat anti-rabbit IgG antibody (G7402) was provided by Sigma Chemicals (St. L ouis, MO). All other chemicals used were of the highest purity that is available commercially.
Drug administration. The protocol used here meets the guidelines of the Japanese Society for Pharmacology and was approved by the Committee for Ethical Use of E xperimental Animals at Setsunan University. All efforts were made to minimize animal suffering, to reduce the number of animals used, and to use alternatives to in vivo techniques. Adult male Std-ddY mice weighing 30 -35 gm were housed in metallic breeding cages in a room with a 12 hr light /dark cycle and a humidity of 55% at 23°C, with ad libitum access to food and water for at least 4 d before use. Animals were injected intraperitoneally with kainate or NMDA dissolved in PBS at a dose of 30 or 100 mg / kg, respectively, followed by return to their home cages until the time of decapitation. The administration was performed between 10 A.M. and 1 P.M. to avoid possible diurnal rhythm as described previously (Azuma et al., 1996) .
Sample preparation. Brains were removed quickly and immersed in homogenizing buffer described below at 2°C, followed by dissection of hippocampus and the frontal part of cerebral cortex according to the procedures described by Glowinski and Iversen (1966) . Tissues were homogenized in 1 ml of homogenizing buffer containing 10 mM Tris-HC l buffer, pH 7.5, 0.32 M sucrose, 1 mM EDTA, 1 mM EGTA, 5 mM dithiothreitol (DTT), 10 mM each of phosphatase inhibitors (NaF and sodium ␤-glycerophosphate), and 1 g /ml each of protease inhibitors [( p-amidinophenyl) methanesulfonyl fluoride, benzamidine, leupeptin, and antipain] using a Dounce homogenizer with a B-type pestle, followed by centrif ugation at 1000 ϫ g for 10 min. Pellets (P 1 fractions) and supernatants (S 1 fractions) were used to prepare nuclear and mitochondrial fractions, respectively. For preparation of nuclear extracts, P 1 fractions were resuspended in 1 ml of homogenizing buffer containing 0.5% Nonidet P-40, followed by centrif ugation at 1000 ϫ g for 10 min to obtain nuclear fractions. These nuclear fractions were suspended in 0.3 ml of extraction buffer containing 50 mM Tris-HC l buffer, pH 7.5, 10% glycerol, 400 mM NaC l, 1 mM EDTA, 1 mM EGTA, 5 mM DTT, 0.5% Nonidet P-40, and the aforementioned inhibitors for phosphatases and proteases. Suspensions were kept on ice for 30 min, followed by centrifugation at 20,000 ϫ g for 5 min. The resulting supernatants were pooled as nuclear extracts. Mitochondrial fractions were prepared using the method described by C lark and Nicklas (1970) with several modifications. Briefly, S 1 fractions were centrif uged at 15,000 ϫ g for 10 min. Pellets were gently suspended with 0.2 ml of 3% Ficoll in homogenizing buffer and then layered over 1 ml of 6% Ficoll in homogenizing buffer to produce a discontinuous density gradient for subsequent centrif ugation at 11,500 ϫ g for 30 min. After Ficoll solutions were removed, pellets (mitochondrial fractions) were washed with 1 ml of homogenizing buffer. Mitochondrial extracts were prepared by the addition of extraction buffer (0.15 ml) under the conditions used for preparation of nuclear extracts. Both extracts thus obtained were stored at Ϫ80°C until each use. Buffers and any solutions used in this study were sterilized by autoclave or filtration through a nitrocellulose membrane filter with a pore size of 220 nm before each use. Protein concentrations were measured by the method of Watanabe et al. (1986) using the Protein Assay Rapid kit (Wako Pure Chemical Industries, Osaka, Japan).
Electrophoretic mobilit y shif t assay. Assays were performed using double-stranded oligonucleotides with a base length of 22 mer containing consensus core sequence for AP-1 (5Ј-C TAGTGATGAGTCAGCCG GATC -3Ј) as a probe for detection of DNA binding activity of AP-1. Of the double-stranded oligonucleotides (MT-1 to MT-10) containing each sequence similar to the AP-1 site in the noncoding region of mitochondrial DNA, MT-3 (5Ј-AGTTTATGAC TGTATGGTG-3Ј) and MT-9 (5Ј-AAAATATGAC TTATATTTT-3Ј) were also used as probes for detection of mitochondrial DNA binding activity. All of these probes were labeled with [␣-32 P]deoxy-ATP using K lenow fragment of DNA polymerase I in 10 mM Tris-HC l buffer, pH 7.5, containing 50 mM NaC l, 10 mM MgC l 2 , and 1 mM DTT at 25°C for 30 min in the presence of 50 M each of deoxy-GTP, deoxy-C TP, and deoxy-TTP (Azuma et al., 1996) . Aliquots of extracts were incubated with 50 fmol probe (0.5-5 ϫ 10 6 cpm /pmol) in 20 l of 50 mM Tris-HC l buffer, pH 7.5, containing 1 g poly(dI-dC), 10% glycerol, 10 mM MgC l 2 , 160 mM NaC l, 1 mM EDTA, 1 mM EGTA, 5 mM DTT, 5 mM each of the aforementioned phosphatase inhibitors, and 1 g /ml each of the protease inhibitors for 30 min at 2°C. Bound and free probes were separated by electrophoresis on a 5% polyacrylamide gel in buffer, pH 8.5, containing 50 mM Tris, 0.38 M glycine, and 2 mM EDTA at a constant voltage of 11 V/cm for 1.5 hr in an ice bath. Gels were fixed and dried, followed by exposure to x-ray films for different periods to obtain autoradiograms most adequate for subsequent quantitative densitometry. Densitometric analysis for quantification of autoradiograms was performed with the aid of a densitograph AE-9600 (Atto Co. Tokyo, Japan) (Ogita and Yoneda, 1995) . Supershift assays were performed by the method described in our previous report (Azuma et al., 1999) . Before the addition of a radiolabeled probe into incubation mixture, samples were incubated with each antibody against one of the Fos and Jun family proteins (c-Fos, Fos-B, Fra-1, Fra-2, c-Jun, Jun-B, and Jun-D) at 4°C overnight. Samples were then subjected to the electrophoretic mobility shift assay and subsequent autoradiography for determination of DNA binding activity. In supershift assays, antibodies are usually effective in either inhibiting DNA binding activity or altering the mobility of radioactive bands on the gel.
Immunoblotting assays. Samples were boiled at 100°C for 5 min in the presence of 2% SDS, 5% 2-mercaptoethanol, 10% glycerol, and 0.01% bromophenol blue immediately after preparation and then stored at Ϫ80°C until use. Immunoblotting assays were performed as described previously (Azuma et al., 1996) . Briefly, aliquots were loaded on 7.5% polyacrylamide gel for detection of c-Fos protein or on 15% gel for detection of histone H1 and cytochrome c, respectively. Proteins were transferred to poly vinylidene fluoride membrane (Immobilon-P, Millipore, Bedford, M A) and blocked with 5% skim milk dissolved in washing buffer (Tris-buffered saline containing 0.05% T ween 20). Blots were incubated with each primary antibody (anti-c-Fos, 1:1000; anti-histone H1, 1:3000; anti-cytochrome c, 1:3000) at 4°C overnight, followed by three cycles of washing procedures for 5 min with washing buffer and subsequent incubation with horseradish peroxidase-conjugated antibody against rabbit IgG (1:3000) for 1 hr at room temperature. Proteins reactive with the antibody were detected with the aid of Western Blot Chemoluminescence Reagent Plus (N EN Life Science Products Boston, M A), followed by exposure to x-ray films and subsequent quantification by densitometry.
Immunohistochemical anal ysis. Mice were deeply anesthetized with pentobarbital (250 mg / kg, i.p.) and perf used intracardially with saline, followed by 4% paraformaldehyde in 0.1 M sodium phosphate buffer, pH 7.4. Brains were removed quickly and fixed f urther with the same fixation solution for an additional 2 hr at 4°C, followed by equilibration with 30% sucrose in 0.1 M sodium phosphate buffer, pH 7.4, at 4°C overnight. Serial coronal sections were made at a thickness of 30 m using a cryostat at Ϫ20°C. Immunoreactivity was determined by the avidin -biotin -peroxidase method (ABC kit, Vectastain, Vector Laboratories) on these sections. After being blocked with normal goat serum for 1 hr at room temperature, sections were incubated with the anti-c-Fos antibody (1: 100) at 4°C overnight. Sections were then incubated with biotinylated anti-rabbit IgG antibody for 30 min at room temperature and subsequently with ABC solution for 1 hr at room temperature. The peroxidase reaction was visualized with diaminobenzidine/ hydrogen peroxide solution (Histofine, Ninirei Co., Tokyo, Japan).
Electron microscopic anal ysis. Mice were deeply anesthetized with pentobarbital and then perf used intracardially with saline, followed by intracardial perf usion of 0.5% glutaraldehyde/4% paraformaldehyde in 0.1 M sodium phosphate buffer, pH 7.4. Thin blocks (ϳ1 mm 3 ) of hippocampus were immediately cut out and prefixed with the same fixing solution for an additional 2 hr at 4°C, followed by equilibration with 8% sucrose in 0.1 M sodium phosphate buffer, pH 7.4, at 4°C overnight. Hippocampal blocks were then post-fixed with 1% osmium tetraoxide/ 1.5% potassium ferrocyanide in 0.1 M sodium phosphate buffer, pH 7.4. Samples were then dehydrated in ethanol and embedded in LR White (L ondon Resin Company Laboratories, Derkshire, UK), followed by collection of ultrathin sections. After being blocked with normal goat serum for 1 hr at room temperature, ultrathin sections were incubated with an anti-c-Fos antibody (1:50) at 4°C overnight, followed by incubation with a gold (10 nm)-conjugated goat anti-rabbit IgG antibody for 4 hr at room temperature and subsequent counterstaining with uranyl acetate and lead citrate.
For analysis of mitochondrial fractions, resultant pellets were prefixed with 2% glutaraldehyde in 0.1 M sodium phosphate buffer, pH 7.4, for 2 hr at 4°C, followed by post-fixation with 1% osmium tetraoxide/1.5% potassium ferrocyanide in 0.1 M sodium phosphate buffer, pH 7.4. These samples were dehydrated in ethanol and then embedded in epoxy resin (Oken Co., Tokyo, Japan), followed by collection of ultrathin sections for counterstaining with uranyl acetate and lead citrate before electron microscopic observation.
Data anal ysis. Densitometric data were subjected to calculation of the area under the curve (AUC) by a PC computer. Results are all expressed as the mean Ϯ SE, and the statistical significance was determined by one-way ANOVA with the Bonferroni / Dunnett post hoc test.
RESULTS
Animal models and preparations of mitochondria
After a single intraperitoneal injection of kainate at a dose of 30 mg/kg, Ͼ38 of 50 mice showed forelimb tremor and facial twitch within 30 min. The remaining animals developed wild running and jumping, but no animals died before use. Of these animals, three animals were chosen for evaluation of histological observations of neurons in hippocampus after the administration of kainate (data not shown). Kainate at 30 mg/kg did not induce marked alterations in microscopic histology of hippocampus 3 d afterward. Ten days after the injection of kainate, severe neuronal losses were observed in both the CA1 and CA3 subfields of the pyramidal neuronal layers, but not in the granule cell layer of the dentate gyrus. NMDA did not induce marked cell losses in the aforementioned hippocampal neuronal layers within 10 d after administration (data not shown).
To analyze the validity of isolation procedures used here, marker proteins were determined on immunoblotting analysis in Figure 1 . Identification of nuclear and mitochondrial fractions obtained from cerebral cortex and hippocampus of untreated animals. Cerebral cortex and hippocampus were homogenized individually, followed by centrifugation for preparation of nuclear and mitochondrial fractions. a, Histone H1 and cytochrome c immunoreactivities in nuclear and mitochondrial fractions. An aliquot (50 g of protein) of each fraction was subjected to immunoblotting analysis using each antibody. b, Electron micrograph of hippocampal mitochondrial fractions. Scale bar, 200 nm. These experiments were repeated at least three times with similar results. Figure 2 . Enhancement of AP-1 DNA binding in nuclear and mitochondrial extracts of cerebral cortex and hippocampus after treatment with NMDA and kainate. Animals were given saline, NMDA, or kainate, followed by dissection of cerebral cortex and hippocampus 2 hr after administration for subsequent preparation of nuclear and mitochondrial extracts. An aliquot (5 g of protein) was incubated with the radiolabeled probe for AP-1 and then subjected to the electrophoretic mobility shift assay. a, The left two panels show typical autoradiograms exposed for 6 hr, and each lane corresponds to nuclear extracts from one animal. The right two panels show typical autoradiograms exposed for 24 hr, and each lane corresponds to mitochondrial extracts from one animal. b, Quantitative densitometric data are shown here. Values are the mean Ϯ SE from three animals. *p Ͻ 0.05, **p Ͻ 0.01; significantly different from each control value obtained in animals injected with saline alone. isolated nuclear and mitochondrial fractions obtained from cerebral cortex and hippocampus of untreated animals using antibodies against histone H1 and cytochrome c (Fig. 1a) . In both brain regions tested, histone H1 immunoreactivity was detected exclusively in nuclear fractions but not in mitochondrial fractions (left panel ). Even when films were overexposed to detect a small amount of histone H1, no detectable immunoblots were seen in mitochondrial fractions of either regions (data not shown). By contrast, cytochrome c immunoreactivity was observed only in mitochondrial fractions but not in nuclear fractions in both regions (right panel ). Nuclear fractions showed a little immunoreactivity against the anti-cytochrome c antibody on overexposed films (data not shown). Electron microscopic analysis showed that no nuclear particles were seen in mitochondrial fractions obtained from hippocampus of untreated animals, although a large number of mitochondria and small organelles other than the nucleus were found in these mitochondrial fractions (Fig. 1b) . In addition, immunoblotting and electron microscopic analyses revealed that no nuclear materials were seen in mitochondrial fractions prepared from hippocampus of mice killed 6 hr after kainate treatment (data not shown).
Enhancement of mitochondrial AP-1 DNA binding after kainate and NMDA treatment
A systemic administration of NMDA and kainate resulted in more potent enhancement of AP-1 DNA binding in nuclear Figure 3 . Time course of AP-1 DNA binding in mitochondrial extracts of cerebral cortex and hippocampus after kainate treatment. a, Animals were given kainate and decapitated at various times after administration for preparation of mitochondrial extracts from cerebral cortex and hippocampus. b, Hippocampus was also dissected for preparation of mitochondrial extracts on different days after the administration of kainate. An aliquot (10 g of protein) was incubated with the radiolabeled probe for AP-1 and then subjected to the electrophoretic mobility shift assay as described in Materials and Methods. The right panels show typical autoradiograms, and each lane corresponds to a sample from one animal. Quantitative densitometric data are shown in the left panel, and each value is the mean Ϯ SE from four to eight animals. *p Ͻ 0.05, **p Ͻ 0.01; significantly different from each control value obtained in untreated animals (time ϭ 0). Figure 4 . Competition for mitochondrial AP-1 DNA binding. Animals were given kainate and decapitated 4 hr after administration for preparation of mitochondrial extracts from hippocampus. An aliquot (10 g of protein) of mitochondrial extracts was incubated with the radiolabeled probe for AP-1 in either the absence or presence of various concentrations of an unlabeled double-stranded probe with the consensus element for AP-1 or Myc at molar concentration ratios of 1:100 as a competitor. Unlabeled double-stranded competitors were prepared by annealing the single-stranded oligonucleotide indicated at the bottom with the respective complementary single-stranded oligonucleotide. Nucleotide sequences of these oligonucleotides were identical to each other except for the respective consensus element written in bold letters. These experiments were repeated at least three times with similar results. Figure 5 . Supershift analysis of AP-1 DNA binding in mitochondrial extracts obtained from animals treated with kainate. Animals were given kainate and decapitated 4 hr after administration for preparation of mitochondrial extracts from hippocampus. An aliquot (10 g of protein) was incubated with each antibody (300 ng) at 4°C for Ͼ12 hr, followed by further incubation with the AP-1 probe to run electrophoretic mobility shift assays. Black arrows indicate the probe/protein complex shifted by the addition of the anti-Jun-B antibody. Asterisks indicate the probe/ protein complex inhibited by the addition of antibodies against c-Fos and Fos-B proteins. These experiments were repeated at least three times with similar results. extracts of hippocampus than those of cerebral cortex 2 hr after administration (Fig. 2a, left panel ) . Both Glu agonists markedly potentiated AP-1 DNA binding in mitochondrial extracts of hippocampus and cerebral cortex 2 hr later (Fig. 2a, right panel ) , although quantitative analysis revealed that mitochondrial AP-1 DNA binding was less potent than nuclear binding in both brain regions of animals treated with kainate and NMDA (Fig. 2b) . Neither NMDA nor kainate markedly affected AP-1 DNA binding in either nuclear or mitochondrial extracts of cerebellum (data not shown). Figure 3 shows the time course of enhancement of mitochondrial AP-1 DNA binding after the treatment with kainate. A systemic administration of kainate led to dramatic enhancement of AP-1 DNA binding in mitochondrial extracts of both cerebral cortex and hippocampus 1 hr later, with a sustained elevation of binding thereafter up to 6 hr after administration. At no time after kainate administration was any significant difference in mitochondrial AP-1 DNA binding seen between cerebral cortex and hippocampus (Fig. 3a) . Sustained potentiation was seen for AP-1 DNA binding in hippocampal mitochondria up to 3 d after the administration of kainate, whereas mitochondrial AP-1 DNA binding returned to the control levels found in untreated animals within 7 d after administration (Fig. 3b) .
To test the selectivity of AP-1 DNA binding in mitochondrial extracts, unlabeled probes for AP-1 and c-Myc were added into incubation mixture at different concentrations. As seen with nuclear extracts, unlabeled AP-1 probe was effective in competing for AP-1 DNA binding in mitochondrial extracts of hippocampus and cerebral cortex from kainate-treated animals in a concentration-dependent manner (Fig. 4) . Mitochondrial AP-1 DNA binding was completely abolished by the addition of unlabeled AP-1 probe at a molar concentration ratio of 10. The addition of excess unlabeled Myc probe with nucleotide sequence identical to that of AP-1 probe except for the core element did not significantly affect mitochondrial AP-1 DNA binding in cerebral cortex and hippocampus at molar ratios similar to those of the AP-1 probe. Figure 5 shows effects of the addition of antibodies against Fos and Jun family proteins on AP-1 DNA binding in mitochondrial extracts prepared from cerebral cortex and hippocampus of animals injected with kainate. As shown in Figure 5 (asterisks), antibodies against c-Fos and Fos-B proteins were effective in inhibiting binding in mitochondrial extracts of both brain regions. As shown by black arrows, in addition, the anti-Jun-B antibody induced an upward shift of the mobility of the probe/protein complex on gels. No marked changes were seen in the intensity and mobility of mitochondrial AP-1 DNA binding after the addition of antibodies against other member proteins, including Fra-1, Fra-2, c-Jun, and Jun-D.
Localization of Fos family proteins in mitochondria after kainate treatment
Next, an attempt was made to determine endogenous levels of these proteins in mitochondrial extracts obtained different times after kainate administration by means of immunoblotting analysis (Fig. 6) . In mitochondrial extracts of cerebral cortex and hippocampus from untreated animals (time ϭ 0), Jun-B protein existed, but not c-Fos or Fos-B protein. The administration of kainate led to a dramatic increment of c-Fos protein level in mitochondrial extracts of hippocampus and cerebral cortex 2-6 hr later, with complete abolition within 24 hr after administration. Kainate administration also induced a delayed increment of Fos-B protein level in mitochondrial extracts compared with that of c-Fos protein. Fos-B protein was detected slightly in mitochondrial extracts of both telencephalic structures 2-4 hr after the administration of kainate, with an increased level 6 hr later and subsequent elimination within 24 hr. No marked changes were seen in the level of Jun-B protein in mitochondrial extracts in either brain region.
Mitochondrial fractions were isolated from hippocampus 4 hr after the administration of kainate, followed by treatment with trypsin at different concentrations and subsequent preparation of mitochondrial extracts to analyze AP-1 DNA binding and c-Fos Figure 6 . Immunoblotting analysis of c-Fos, Fos-B, and Jun-B in mitochondrial extracts of cerebral cortex and hippocampus in animals treated with kainate. Animals were given kainate and decapitated at various times after administration for preparation of mitochondrial extracts from hippocampus. An aliquot (50 g of protein) was subjected to immunoblotting analysis using each antibody indicated as described in Materials and Methods. CBB represents proteins stained by Coomassie brilliant blue after the analysis. These experiments were repeated at least four times with similar results. Figure 7 . Effects of trypsin treatment on mitochondrial AP-1 DNA binding ( a) and c-Fos protein ( b) in cytosol and mitochondria. Animals were given kainate and decapitated 4 hr after administration for preparation of mitochondrial fractions from hippocampus. Mitochondrial fractions were incubated with trypsin at different concentrations at 30°C for 30 min, followed by the addition of 10 g/ml ( p-amidinophenyl)-methanesulfonyl fluoride and subsequent centrifugation at 20,000 ϫ g for 5 min. Aliquots of extracts from trypsin-treated mitochondrial fractions were subjected to electrophoretic mobility shift (10 g of protein) and immunoblotting (40 g of protein) assays, respectively. An aliquot (15 g of protein) of cytosolic fractions treated with trypsin under the same conditions was also subjected to immunoblotting assay.
protein. Trypsin treatment failed to markedly affect AP-1 DNA binding at concentrations below 100 ng/ml, with broadening of the radioactive band of probe/protein complex at 100 ng/ml (Fig.  7a) . Trypsin was much less potent in decreasing the c-Fos protein level in mitochondrial extracts than in cytosolic fractions at 100 ng/ml (Fig. 7b) . Figure 8 shows c-Fos immunoreactivity in hippocampus excised 2 hr after the administration of saline or kainate. In animals injected with kainate (Fig. 8aB) , c-Fos immunoreactivity was observed in pyramidal cell layers of the CA1-CA3 subfields and in the granular cell layer of the dentate gyrus, but not in those injected with saline (Fig. 8aA) . Electron microscopic analysis allowed us to observe c-Fos immunoreactivity within the nuclei and mitochondria of neuronal cells in the dentate gyrus and the CA1 subfield (Figs. 8b,c) . In saline-treated animals, slight c-Fos immunoreactivity was found in both the cytoplasm and the nucleus of dentate neurons (Fig. 8bA) , with no immunoreactivity in the mitochondria of dentate (Fig. 8bB ) and CA1 pyramidal (Fig.  8bC) neurons. Kainate treatment not only led to marked expression of c-Fos immunoreactivity in the nucleus and cytoplasm of dentate neurons (Fig. 8bD) , but also resulted in localization of c-Fos immunoreactivity in the mitochondria of both dentate (Fig.  8bE ) and CA1 pyramidal neurons (Fig. 8bF ) . Evident localization of c-Fos protein was seen in many mitochondria of dentate granular neurons from mice injected with kainate ( Fig. 8cA-cC) , although c-Fos protein was not always detected in other mitochondria of granule neurons on an identical section obtained from the same animals (Fig. 8cD) . In dentate granular neurons of kainate-treated animals, c-Fos protein was found in the nucleus at a concentration much higher than that in the cytoplasm, with mitochondrial c-Fos protein being not concentrated in the mitochondrial matrix. No immunoreactivity was found in control sections stained in the absence of the primary antibody (data not shown).
Immunohistochemical analysis of c-Fos protein expressed by kainate treatment
Attempts to determine AP-1 binding sites in mitochondrial DNA
We next searched for AP-1 binding sites in the noncoding region of mitochondrial DNA. Although completely identical core nucleotide sequences for recognizing AP-1 (TGAC/GTCA) were not found anywhere in mitochondrial DNA, there were 10 sites with sequences similar to the AP-1 site in the noncoding region of mitochondrial DNA (Fig. 9) . One of these sites was also similar to CRE (MT-10). Such mitochondrial AP-1-like elements include five sites with TGAC(GTCA), three sites with TGAC-T(AGTCA), and two sites with TGAG(CTCA), respectively.
To assess the affinity and selectivity for these AP-1-like sites of mitochondrial AP-1 DNA binding, we prepared 10 pieces of double-stranded oligonucleotides containing each sequence similar to the AP-1 site (MT-1 to MT-10). Figure 10a shows effects of the addition of these unlabeled double-stranded oligonucleotides on mitochondrial AP-1 DNA binding in hippocampus of kainatetreated animals. Unlabeled oligonucleotides with TGAC-T(AGTCA), including MT-3, MT-4, and MT-9, were most effective in competing for mitochondrial AP-1 DNA binding enhanced by kainate among 10 synthesized mitochondrial oligonucleotides. Of five oligonucleotides with TGAC(GTCA), both MT-6 and MT-7 exhibited an ability to compete moderately for AP-1 DNA binding in hippocampal mitochondrial extracts prepared from Figure 8 . Immunohistochemical analysis of c-Fos protein expressed by kainate treatment. Animals were given saline or kainate, followed by perfusion with 4% paraformaldehyde or 0.5% glutaraldehyde/4% paraformaldehyde for fixation 2 hr after administration. Sections were prepared from fixed brains and subjected to immunohistochemical analysis of c-Fos protein by light ( a) and electron (b, c) microscopy as described in Materials and Methods. a, Light micrographs of c-Fos immunoreactivity in sections obtained from animals treated with saline ( A) or kainate ( B). Note that c-Fos immunoreactivity was expressed in the pyramidal cell layer of CA1-CA3 subfields and the granule cell layer of the dentate gyrus in hippocampus after kainate treatment. b, Electron micrographs of c-Fos immunoreactivity in sections obtained from animals treated with saline ( A-C) or kainate ( D-F) . Black arrowheads show immunoreactive gold particles within mitochondria (E, F ). Note that kainate induced increases in gold particles within mitochondria of the granule cells of the dentate gyrus ( E) and CA1 pyramidal cells ( F), in addition to those within the nucleus of the dentate neurons ( D). c, Electron micrographs of c-Fos immunoreactivity in mitochondria of the granule cells of the dentate gyrus from kainate-treated animals. Typical micrographs are shown from a section of the granule cells in a mouse treated with kainate. These experiments were repeated at least four times with similar results. Note that one of four mitochondria did not show immunoreactive gold particles ( D) in contrast to other mitochondria (A-C).
mice injected with kainate. However, other oligonucleotides had no marked effects on mitochondrial AP-1 DNA binding. These included MT-1, MT-2, MT-5, MT-8, and MT-10. As shown in Figure 10b , mitochondrial AP-1 DNA binding was not affected in hippocampus of kainate-treated animals by any of the mutant oligonucleotides of MT-3, MT-4, MT-6, MT-7, and MT-9 with nucleotide sequences almost identical to wild-type probes except for AP-1-like sites.
To examine whether kainate indeed affects binding to AP-1-like sites in the noncoding region of mitochondrial DNA, an attempt was made to determine DNA binding on electrophoretic mobility shift assays using radiolabeled mitochondrial oligonucleotides containing sequences of a high competition potency, such as MT-3 and MT-9, as probes (Fig. 11) . No marked binding was detectable for either radiolabeled probe in mitochondrial extracts obtained in untreated animals, whereas marked potentiation was seen with binding of radiolabeled MT-9 probe in hippocampal mitochondrial extracts prepared 6 hr after the administration of kainate. Kainate was also effective in slightly potentiating binding of the radiolabeled MT-3 probe in hippocampal mitochondrial extracts 6 hr after administration.
DISCUSSION
The essential importance of the present findings is that the systemic administration of kainate led to marked potentiation of AP-1 DNA binding through localization of particular Fos and Jun family member proteins in mitochondria of murine cerebral cortex and hippocampus. To our knowledge, this is the first direct demonstration of the localization of mitochondrial AP-1 complex in response to extracellular kainate signals, in addition to nuclear AP-1 complex, in these two telencephalic structures. The findings from trypsin treatment clearly indicate that mitochondrial AP-1 binding is not derived from simple adhesion of the AP-1 complex to outer mitochondrial membranes: indeed, the AP-1 complex seems to exist in the inner matrix of mitochondria. Point mutation experiments also suggest that mitochondria AP-1 complex expressed by kainate treatment may selectively recognize AP-1-like sites of the noncoding region in mitochondrial DNA.
The AP-1 complex has been thought to modulate de novo synthesis of inducible target proteins at the level of gene transcription through selective recognition of the core sequence phorbol 12-myristate 13-acetate-response element (TCAC/GTCA) on stress-response genes in the nucleus (Curran and Franza, 1988; Pennypacker et al., 1994a) . The AP-1 complex is also shown to transduce signals from a number of different biological mediators, such as cytokines, growth factors, and neurotransmitters, to these stress-response genes (Papaconstantinou, 1994; Tong et al., 1998) . Among the biological mediators described above, both kainate (Sonnenberg et al., 1989; Pennypacker et al., 1994b; Azuma et al., 1996; Yoneda et al., 1999a) and NMDA Yoneda et al., 1999b) are well known to induce expression of the AP-1 complex with DNA binding activity in the nucleus of rodent hippocampus in vivo. In addition to these findings on nuclear gene expression, the present paper proposes a hypothesis that kainate signals may regulate expression of mitochondrial genes in neurons through facilitation of import of the AP-1 complex expressed in the cytoplasm. The AP-1 complex could be translocated into the mitochondrion and the nucleus from the cytoplasm in particular situations.
Eukaryotic mitochondrial biogenesis requires the coordinated expression of numerous genes encoded in two different genetic compartments. (1) Most proteins involved in mitochondrial functions are synthesized in the cytoplasm through transcriptional regulation of the nuclear genome. (2) Some of essential proteins involved in mitochondrial electron transport and oxidative phosphorylation are synthesized within mitochondria through encoding in the mitochondrial genome (Bibb et al., 1981; Chomyn et al., 1985) . An essential process in this coordinated interaction between the nucleus and the mitochondrion is the transcription of mitochondrial DNA, which requires a nucleus-encoded mitochondrial RNA polymerase and other nuclear proteins to interact with specific elements on the noncoding region of mitochondrial DNA (Clayton, 1984; Suzuki et al., 1991) . Several sites with nucleotide sequences similar to the AP-1 site are found in the noncoding region (bases from 15417 to 16295) of mouse mito- Figure 9 . Particular nucleotide sequences of the noncoding region in mouse mitochondrial DNA. There are 10 sequences with similarity to the AP-1 site as written in bold letters underlined in the noncoding region (15417-16295) (Bibb et al., 1981) . One of these sequences also shows similarity to CRE site as indicated by CRE like in parentheses. Double-stranded oligonucleotides (MT-1 to MT-10) with similarity to the AP-1 site were synthesized individually to evaluate binding sites for the AP-1 complex in mitochondria.
chondrial DNA (Bibb et al., 1981) . The present finding that kainate treatment led to marked potentiation of binding of radiolabeled oligonucleotides with sequences effective in competing for mitochondrial AP-1 DNA binding is favorable to the proposal that kainate signals indeed may be transduced into mitochondria as well as nuclei to modulate gene transcription through localization of the AP-1 complex in this organelle. The noncoding region is shown to contain promoters to regulate gene transcription in mitochondria Clayton, 1984, 1986; Suzuki et al., 1991) .
In other words, the transcription factor AP-1 complex may play an important role in mechanisms associated with coordinated expression of mitochondrial genes through binding to those AP-1-like sites in the noncoding region. Mitochondrial gene expression by the AP-1 complex may be one of triggers leading to mitochondrial dysfunctions mediated by particular Glu receptors. Indeed, expression of cytochrome c oxidase subunit I mRNA in mitochondria is markedly decreased in hippocampal CA1 pyramidal neurons after transient brain ischemia, which is well known to cause CA1 neuronal damage through excessive activation of Glu receptors (Abe et al., 1993 (Abe et al., , 1996 . Glu receptor stimulation is shown to cause persistent inhibition of ATP synthesis leading to necrosis in primary cultured cortical neurons (Delgado-Esteban et al., 2000; Almeida and Bolaños, 2001 ). This persistent inhibition of ATP synthesis would result from sustained inhibition of mitochondrial cytochrome c oxidase and succinate-cytochrome c reductase activities by ONOO Ϫ , which is generated through activation by Glu signals of nitric oxide synthase and the formation of reactive oxygen species. However, the possibility that Glu-induced delayed inhibition of ATP synthesis could be caused by alterations in expression of mitochondria-encoded proteins through transcriptional regulation by the AP-1 complex in mitochondrial genome seems to be beyond the scope of this study.
What mechanisms are involved in translocation of the AP-1 complex from the cytoplasm to mitochondria? A considerable body of evidence suggests that mitochondria may play a critical role in mechanisms underlying neurotoxicity by Glu (Ankarcrona et al., 1995; Khodorov et al., 1996; White and Reynolds 1996; Almeida et al., 1998; Castilho et al., 1998; Duchen, 2000) . The mechanism would involve glutamate-induced accumulation of Ca 2ϩ within the mitochondrial matrix. Accumulation of Ca 2ϩ could dissipate membrane potentials across the mitochondria inner membrane to open the mitochondrial permeability transition pores that are inner membrane channels allowing the free passage of various solutes, such as cytochrome c, apoptosisinducing factor, and procaspases (Liu et al., 1996; Atlante et al., 1999; Susin et al., 1999) . Facilitation of the opening of these pores would be involved in the translocation of particular Fos and Jun family members into the mitochondria from the cytosol where the AP-1 complex is expressed at ribosomes in a large quantity after kainate treatment. The possibility that cytosolic AP-1 complex expressed by kainate may be translocated into mitochondria through common import systems of this organelle (Haucke and Note that the binding was not affected by addition of mutant oligonucleotides (mMT-3, -4, -6, -7, and -9), of which wild types (MT-3, -4, -6, -7, and -9) markedly inhibited the binding. Figure 11 . Binding of radiolabeled probes with mitochondrial AP-1-like sites in mitochondrial extracts. Animals were given either saline or kainate and decapitated 6 hr after administration for preparation of mitochondrial extracts from hippocampus. An aliquot (10 g of protein) was incubated with radiolabeled probes with a sequence of MT-3 or MT-9 under routine experimental conditions. Probes were double-stranded oligonucleotides containing MT-3 (5Ј-AGTTTATGACTGTATGGTG-3Ј) and MT-9 (5Ј-AAAATATGACTTATATTTT-3Ј). Typical autoradiograms are shown, and each lane corresponds to a sample from one animal.
